
CLINICAL AND VACCINE IMMUNOLOGY, Feb. 2011, p. 210–216 Vol. 18, No. 2
1556-6811/11/$12.00 doi:10.1128/CVI.00296-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Internalization of IgG-Coated Targets Results in Activation
and Secretion of Soluble CD40 Ligand and RANTES

by Human Platelets�

Adam J. Antczak,† Joshua A. Vieth,† Navinderjit Singh,† and Randall G. Worth†*
Department of Medical Microbiology and Immunology, University of Toledo College of Medicine, Toledo, Ohio 43614

Received 21 July 2010/Returned for modification 18 September 2010/Accepted 10 December 2010

Platelets are crucial elements for maintenance of hemostasis. Other functions attributable to platelets are
now being appreciated, such as their role in inflammatory reactions and host defense. Platelets have been
reported to bind immunological stimuli like IgG complexes, and for nearly 50 years it has been speculated that
platelets may participate in immunological reactions. Platelets have been reported to bind and internalize
various substances, similar to other leukocytes, such as macrophages and dendritic cells. In the present study,
we tested the hypothesis that human platelets can bind and internalize IgG-coated particles, similar to
leukocytes. To this end, we observed that interaction with IgG-coated beads resulted in platelet activation (as
measured by CD62P expression), internalization of targets, and significant soluble CD40 ligand (sCD40L) and
RANTES (regulated upon activation, normal T cell expresses and secreted) secretion. Blocking Fc�RIIA with
monoclonal antibody (MAb) IV.3 or inhibiting actin remodeling with cytochalasin D inhibited platelet acti-
vation, internalization, and cytokine production. These data suggest that platelets are capable of mediating
internalization of IgG-coated particles, resulting in platelet activation and release of both sCD40L and
RANTES.

Platelets are most commonly known for their important role
in maintenance of vascular integrity and hemostasis. Subse-
quent to vascular injury, various platelet agonists and intrinsic
factors are exposed to the blood, resulting in platelet activation
and clot formation. Platelets can be activated by an array of
agents, including collagen and thrombin. Platelets have also
been reported to interact with various pathogens, including
bacteria and viruses (12, 19, 35, 43), and platelet responses to
other stimuli have been well characterized (7, 33, 37).

Consistent with these observations, sepsis patients often ex-
perience thrombocytopenia, indicating that platelets may par-
ticipate in responding to infections (14, 24). Most studies of
platelet-bacterium interactions have included platelet aggrega-
tion assays and measurement of the expression of activation
markers. However, recent evidence suggests that platelets can
respond to stimuli independent of traditional activation mech-
anisms resulting in production of cytokines and other inflam-
matory molecules (1).

Interaction of platelets with various particles has been
reported to result in phagocytosis. For example, human
platelets have been observed to phagocytose liposomes,
erythrocyte fragments, some bacteria, viruses, and even latex
beads (26, 28, 36, 43). Although the mechanism(s) for phago-
cytosis and the fate of internalized particles are disputed,
nonetheless, platelets can sequester various targets (38, 39).

The ability of platelets to interact with bacteria has been
suggested to be mediated via plasma proteins (e.g., fibrinogen
and von Willebrand factor) or by specific antibody recognized
by platelet Fc� receptor (Fc�R). Platelets express Fc�RIIA, a
receptor for IgG, which mediates the recognition of immune
complexes and IgG-coated targets (18, 21, 22, 31). In contrast
to leukocytes that express a variety of Fc�Rs, platelets express
only Fc�RIIA. Although Fc�RIIA is expressed by leukocytes,
such as monocytes, neutrophils, and dendritic cells, due to the
vast number of platelets in the circulation, nearly 90% of
Fc�RIIA in blood is present on platelets.

Platelet Fc�RIIA has been shown to bind and endocytose
IgG complexes (1, 32, 40). Furthermore, platelets have been
shown to interact with IgG-coated beads and IgG has been
reported to be the factor by which many platelets interact with
bacteria (6, 12, 13, 25, 29). Therefore, we sought to determine
the functional response of platelets to IgG-coated targets. Us-
ing IgG-coated polystyrene beads, our observations were lim-
ited to Fc�RIIA-mediated activity without complication due to
other receptors (e.g., Toll-like receptor [TLR], CD36, man-
nose receptor, and scavenger receptor).

To examine the functional response of platelets to IgG-
coated targets, a variety of parameters were measured. Upon
binding, platelet activation was measured by CD62P (P-selec-
tin) expression. CD62P is found in �-granules and is rapidly
exposed on the platelet surface upon activation by fusion of
�-granules with the plasma membrane. We next measured the
capacity of platelets to internalize the IgG-coated targets by
fluorescence microscopy and flow cytometry, established tech-
niques that can discriminate between bound and internalized
targets and which are used to monitor leukocyte phagocytosis
(41, 42). Finally, since platelets secrete agents such as soluble
CD40 ligand (sCD40L) (CD154) and RANTES (regulated
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upon activation, normal T cell expresses and secreted) in re-
sponse to coagulation factors and IgG complexes, we investi-
gated the relationship between platelet activation and cytokine
secretion stimulated by IgG-coated targets (2, 4, 5, 9, 11, 15,
16, 20, 23, 30, 34). We report here that stimulation of plate-
lets by IgG-coated targets results in substantial CD62P ex-
pression, internalization of the targets, and release of sig-
nificant amounts of sCD40L and RANTES, further supporting
a role for platelets in inflammatory and host defense responses.

MATERIALS AND METHODS

Platelet isolation. Human platelets were isolated from the blood of healthy
donors obtained by venipuncture in accordance with the University of Toledo
Biomedical IRB. Blood was drawn into Vacutainers containing 10% ACD solu-
tion (B-D, Franklin Lakes, NJ): 56 mM sodium citrate, 65 mM citric acid, and
100 mM glucose. The blood was centrifuged at 200 � g for 10 min to obtain
platelet-rich plasma (PRP). The PRP fraction was collected and washed in pH
6.5 buffer containing: 2.75 g/liter sodium citrate, 1.0 g/liter citric acid, 3.2 g/liter
glucose, and 8.5 g/liter sodium chloride and mixed well, and the pH was adjusted
to 6.5. After being washed, platelets were kept in the buffer and stored for no
more than 30 min before use. For experiments, platelets were resuspended in pH
7.4 buffer containing 8.0 g/liter sodium chloride, 0.2 g/liter potassium chloride,
0.2 g/liter magnesium chloride, 0.45 g/liter sodium phosphate dibasic, 0.9 g/liter
HEPES, 3.5 g/liter bovine serum albumin, and 1.0 g/liter glucose and adjusted to
pH 7.4. The platelets were then placed in a 37°C water bath for stimulation.

Polystyrene bead opsonization. Polystyrene beads, 0.5 or 1.5 �m in diameter
(Polysciences, Warrington, PA), were opsonized for 90 min at 37°C in a 5-mg/ml
solution containing either bovine serum albumin (BSA) as a control or a
mixture of 0.5 mg/ml fluorescein isothiocyanate (FITC)-labeled human IgG
(SigmaAldrich, St. Louis, MO) and 9.5 mg/ml unlabeled human IgG (Sigma, St.
Louis, MO). After being washed three times in phosphate-buffered saline (PBS),
small aliquots were reacted with phycoerythrin (PE)-conjugated anti-human IgG
to confirm opsonization and observed with a Zeiss Axiovert 200 fluorescence
microscope (Carl Zeiss, Thronwood, NY), using bandpass filters for FITC (ex-
citation, 480DF22; and emission, 530DF30) and PE (excitation, 530DF25; and
emission, 560LP) (Chroma Technologies, Bellows Falls, VT).

Platelet activation. Platelets were stimulated with 0.5-�m or 1.5-�m beads
opsonized with bovine serum albumin (BSA) or IgG in the presence or absence
of 2 U/ml thrombin (Sigma-Aldrich, St. Louis, MO) as a positive control for
platelet activation (target/effector ratio of 10:1). Platelets and beads were incu-
bated for 30 min at 4°C and then placed in a 37°C water bath for 30 min. Samples
were returned to ice, fixed for 1 h in 2% paraformaldehyde, washed, and then
labeled with PE-Cy5-conjugated anti-CD62P (BD Biosciences, San Jose, CA)
and allophycocyanin (APC)-conjugated anti-CD42b (BD Biosciences) for 30 min
on ice. Platelet samples were then washed twice in PBS and analyzed with a
FACSCalibur (BD Biosciences) flow cytometer. Data were analyzed with Cell
Quest (BD Biosciences) and FloJo (Tree Star, Inc., Ashland, OR) software.

IgG-coated bead internalization. Platelets in pH 7.4 buffer were exposed to
IgG-opsonized beads at a target/effector cell ratio of 10:1. The platelets were
allowed to bind IgG-coated targets on ice for 30 min and then placed in a 37°C
water bath for 30 min to allow for phagocytosis. Following the incubation,
aliquots were placed on ice and reacted with APC-conjugated anti-CD42b (BD
Biosciences, San Jose, CA) and PE-conjugated anti-human IgG (Rockland Im-
munochemicals, Gilbertsville, PA) for 30 min on ice. Platelets were then fixed for
1 h using 2% paraformaldehyde and washed in pH 6.5 buffer.

Samples were prepared for flow cytometry and fluorescence microscopy. For
fluorescence microscopy, aliquots of the platelet-bead suspension were placed
onto glass coverslips (no. 1, 25 mm in diameter; Corning Life Sciences, Lowell,
MA), mounted on glass microscope slides (Corning Life Sciences), and visual-
ized with a Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss, Thornwood,
NY), using mercury illumination. Cells were visualized by differential interfer-
ence contrast (DIC) or fluorescence, using the filter sets described above. Images
were captured using an Orca ER-AG (Hamamatsu, Japan) charge-coupled de-
vice (CCD) camera connected to a Dell Optiplex 620 workstation (Dell, Round
Rock, TX). Metamorph software (Molecular Devices, Downingtown, PA) was
used to acquire and process images. For flow cytometry, platelets with associated
beads were gated on FITC (CD42b� FITC�) and analyzed for internal/external
by the absence/presence of PE expression on a FACSCalibur (B-D Biosciences).
Samples reacted with individual fluorophores and isotype-matched control anti-
bodies were used for instrument and compensation settings. Data were analyzed

using Cell Quest (B-D Biosciences) and FloJo (Tree Star, Inc., Ashland, OR)
software.

Platelet secretion. Following activation, platelet supernatants were isolated by
a modified approach based on those previously described (8). Briefly, following
activation, platelets were centrifuged at 1,000 � g for 10 min and the supernatant
was harvested. Subsequently, samples were centrifuged at 5,000 � g and super-
natants were harvested. Samples were stored at �80°C for up to 2 weeks before
analysis of released products. Enzyme-linked immunosorbent assay (ELISA;
R&D Systems, Minneapolis, MN) was performed per the manufacturer’s rec-
ommendation to measure the amounts of sCD40L and RANTES released from
platelets stimulated with 2 U of thrombin, BSA-coated beads, or IgG-coated
beads.

RESULTS

Fc�RIIA is responsible for platelet interaction with IgG-
coated targets. Platelets have many membrane receptors, in-
cluding scavenger receptors (e.g., CD36, SR-A, and SR-B) and
TLRs, which can mediate interaction with particles contain-
ing an array of ligands. To limit our study to the activity of
Fc�RIIA, we employed polystyrene beads (0.5 and 1.5 �m)
coated with FITC-conjugated human IgG. Previous studies
analyzing Fc�RIIA function have reported significantly differ-
ent signaling mechanisms required to internalize IgG com-
plexes (�50 nm) or IgG-coated beads (2 �m). Therefore, we
utilized beads of two different sizes (0.5 and 1.5 �m) to deter-
mine if platelets respond differently to large and small targets
(3, 17, 27). Platelets interacting with beads can be measured by
both fluorescence microscopy and flow cytometry. In initial
experiments, the number of platelets interacting with FITC-
IgG-coated beads was determined by flow cytometry. As shown
in Fig. 1, �58% of platelets (identified by CD42b staining)
were found to associate with FITC-IgG-coated beads (upper
right quadrant in Fig. 1A). This interaction can be significantly
inhibited (�70% inhibition) by addition of a monoclonal an-
tibody (MAb), IV.3, that blocks Fc�RIIA (Fig. 1A and B) but
not an isotype-matched control IgG. Furthermore, beads
coated with FITC-BSA do not interact with platelets (Fig. 1B).

IgG-coated beads induce platelet activation. In response to
various stimuli, platelets have been shown to express defined
surface markers indicative of activation. The most common
markers include surface expression of CD62P (P-selectin), an-
nexin V binding (phosphatidylserine), and the active confor-
mation of �IIb�3. CD62P is a component of platelet �-granules
that becomes surface exposed after platelet activation when
�-granules are released. We employed monoclonal antibodies
(MAbs) to CD62P to determine the activation status of plate-
lets stimulated with thrombin or polystyrene beads coated with
BSA or IgG.

As shown in Fig. 2A and B, platelets exposed to IgG-coated
polystyrene beads showed a significant increase in CD62P
surface exposure, as measured by binding of PE-Cy5-tagged
anti-CD62P. Platelets interacting with IgG-coated beads
(Fig. 2A, region R2; CD42� FITC�) exhibited significantly
more CD62P expression than platelets from the same tube that
have not interacted with beads (Fig. 2A, region R1; CD42b�

FITC�). The amount of activation measured by the mean
fluorescence intensity of anti-CD62P binding in R2 is less than
that observed with 2 U/ml of thrombin (Fig. 2B) or by platelets
stimulated with aggregated IgG (1). Interestingly, exposure of
platelets to thrombin and IgG-coated beads simultaneously
enhanced expression of CD62P compared to either alone, but
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the enhancement was not synergistic or additive at the indi-
cated concentration (Fig. 2B) or other concentrations (not
shown). Pretreatment of platelets with either anti-Fc�RIIA
MAb IV.3, but not isotype-matched control IgG, inhibited
binding of IgG-coated beads (Fig. 1), thus resulting in low
levels of activation. In other samples, platelets were allowed to
bind beads and then treated with 20 �M cytochalasin D, which
prevents actin rearrangement. Of note, cytochalasin D did not
prevent thrombin-induced activation (not shown) but did sig-
nificantly inhibit IgG-coated-bead-induced activation. These
data suggest platelet activation, as measured by CD62P expres-
sion, may be dependent on internalization of targets rather
than simply binding targets, although further investigation of
this observation is necessary.

Platelets internalize IgG-coated beads. Platelets exposed to
IgG-coated beads of either 0.5 �m or 1.5 �m were examined to
determine whether platelets have the ability to internalize the
beads. To do this, platelets were mixed with IgG-coated beads
and then visualized by fluorescence microscopy and analyzed
by flow cytometry to measure platelet internalization of beads.
As shown in Fig. 3A, platelets bound and internalized IgG-

coated beads. Internalized beads were discriminated from ex-
ternally bound beads by using secondary PE-conjugated anti-
human IgG F(ab	)2 fragments after fixing the platelets in
paraformaldehyde. Using this technique, beads bound to the
outside of platelets are stained with the PE antibody, while the
internalized beads are not available for reaction with the sec-
ondary antibody and thus do not fluoresce (Fig. 3A, arrows).

Using flow cytometry, platelets were further assessed for
their ability to internalize IgG-coated beads. Platelets were
exposed to FITC-IgG-coated polystyrene beads (or FITC-
BSA-coated polystyrene beads as a control) on ice for 30 min;
aliquots were warmed to 37°C in a water bath for 30 min to
stimulate internalization. Samples were then placed on ice and
fixed for 1 h with 2% paraformaldehyde. After being washed,
samples were stained with APC-conjugated anti-CD42b and
PE-conjugated anti-human IgG F(ab	)2 fragments, washed,
and then analyzed by flow cytometry. CD42b� events were
gated on FITC to identify platelets that had interacted with
beads (CD42b� FITC�). As shown by a diminished PE signal
shown in Fig. 3B and C, platelets can efficiently internalize
IgG-coated polystyrene beads (Fig. 3B, lower right quadrant).
Internalization takes place through actin-dependent mecha-
nisms since incubation with 20 �M cytochalasin D blocked
uptake by 
75% (Fig. 3C).

IgG-coated beads induce cytokine release from platelets.
Platelets release multiple inflammatory molecules in response
to various agonists in the clotting cascade (9). sCD40L
(CD154) and RANTES (CCL5) are among the most abun-
dant and commonly detected inflammatory mediators re-
leased by platelets. Therefore, ELISA was used to measure
platelet-derived sCD40L and RANTES following activation
by thrombin or IgG-coated polystyrene beads. Activation of
platelets by thrombin resulted in high levels of CD154 sCD40L
and RANTES released into the media (Fig. 4). Exposure of
platelets to 0.5-�m or 1.5-�m IgG-coated beads results in
platelet activation and triggered release of both sCD40L and
RANTES into the media, while beads coated with BSA did not
induce secretion of either sCD40L or RANTES. Consistent
with the ability of cytochalasin D to inhibit platelet activation
by IgG-coated beads, sCD40L and RANTES release was also
inhibited by cytochalasin D, suggesting that cytokine release
relies on internalization and not simply bead association.
Moreover, cytochalasin D did not inhibit thrombin-induced
cytokine release. We interpret these data to suggest that
bead internalization is required for cytokine secretion.

DISCUSSION

The role of platelets in hemostasis is well established, but
additional roles for platelets in various other physiologic pro-
cesses, including host defense and inflammation, are not fully
appreciated. Platelet activation has been described in response
to many different stimuli, most extensively clotting factors such
as thrombin and collagen.

Although observations of thrombosis in various inflamma-
tory capacities were made nearly 50 years ago and platelets
have been demonstrated to respond to immunological stimuli
of various forms, the exact role that platelets play in these
situations is only recently becoming more clear.

The capacity of platelets as phagocytic cells has been widely

FIG. 1. Platelet Fc�RIIA mediates binding of IgG-coated targets.
(A) The 1.5-�m polystyrene beads coated with FITC-IgG were added
to platelets for 30 min at 4°C in the absence (left) or presence (right)
of 5 �g/ml anti-Fc�RIIA monoclonal antibody IV.3. The platelets were
then labeled with anti-CD42b-APC, and CD42� events were measured
for the presence of FITC-labeled beads. (B) Platelets incubated with
0.5- or 1.5-�m polystyrene beads coated with BSA or IgG. In some
samples, 5 �g/ml anti-Fc�RIIA MAb or an isotype-matched control
IgG (5 �g/ml) was added to inhibit interaction. Data are means �
standard deviations (SD) representative of one experiment performed
in triplicate. Experiments were repeated on 3 different days with plate-
lets from three healthy volunteers with similar results.
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disputed. Many studies have shown that platelets appear to
internalize particles but that these particles are located in the
open canalicular system (OCS), as opposed to undergoing in-
ternalization into a phagosome (26, 28, 38, 43). These studies
differ in their target choices, preparation techniques, and stain-
ing methods. Based on our previous observations in leukocytes
obtained by identical fluorescence methods, we believe that
the target is in a compartment that is not in communication
with the extracellular environment and therefore not within
the OCS. Our observations may be related to internalization
through Fc�RIIA, which is a very potent phagocytic receptor
compared to some other innate surface receptors. Even so, the
compartment may be part of the OCS that is now serving as a
receptacle for internalized targets. Regardless of the compart-

ment’s composition/origin, the platelet is sequestering targets
presumably in an attempt to prevent further dissemination.

During the process of phagocytosis, we observed a signif-
icant amount of sCD40L and RANTES being produced by
platelets. Platelets have been reported to secrete inflamma-
tory mediators after stimulation with immune complexes
and thrombin (1). Platelets have also been shown to secrete an
array of cytokines in response to thrombin, collagen, and ADP
stimulation. Many of these cytokines may indeed be secreted
by platelets, but some could be produced by small numbers of
leukocytes remaining in the platelet preparation. We chose two
molecules (sCD40L and RANTES) to analyze in these studies
based on the number of reports that their release by platelets
and the amount of each molecule released into the media

FIG. 2. IgG-coated targets activate platelets. (A) Platelets were exposed to IgG-coated 1.5-�m polystyrene beads, and CD42b-expressing
platelets were assessed for activation by measuring CD62P surface expression (gray lines) or isotype-matched control IgG (black line) on platelets
not in contact with beads (region R1) or in contact with beads (region R2). (B) Quantitative analysis of CD62P expression of CD42b-expressing
platelets incubated with 0.5- or 1.5-�m polystyrene beads coated with BSA or IgG. Platelets incubated with 2 U/ml thrombin served as a positive
control for platelet activation. Some samples were pretreated with either 5 �g/ml anti-Fc�RIIA MAb IV.3 or 5 �g/ml isotype-matched control IgG
to assess the dependence on Fc�RIIA. Other samples were allowed to bind beads and then incubated with 20 �M cytochalasin D (Cyto D) to
determine the role of actin rearrangement on activation. Data are means � SD representative of one experiment performed in triplicate.
Experiments were repeated on 3 different days with platelets from three healthy volunteers with similar results. MFI, mean fluorescence intensity.
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suggest that they are indeed of platelet origin and not from
contaminating leukocytes. After stimulation with thrombin, we
observed a significant increase in both sCD40L (CD154) and
RANTES (CCL5) by ELISA. Although IgG-coated beads
stimulated platelets to secrete significant amounts of sCD40L
and RANTES, the total amount is less than that of the throm-
bin-stimulated platelets. This observation could be due to the
fact that presumably all platelets were stimulated by thrombin,
while only a fraction are activated by IgG-coated targets. A

second explanation is that thrombin binds to receptors cover-
ing the entire platelet surface, while only 1 to 2 IgG-coated
beads bind to an individual platelet, suggesting that platelets
may be release more sCD40L and RANTES during “global”
stimulation versus “targeted” stimulation.

The fact that cytochalasin D inhibited platelet activation
(measured by CD62P) and release of sCD40L and RANTES
suggests that both responses are dependent upon conforma-
tional alteration of the actin cytoskeleton. However, cytocha-

FIG. 3. Platelet internalization of IgG-coated beads. (A) Platelets were incubated with FITC-IgG-coated polystyrene beads (0.5 �m) at 4°C for
30 min and then warmed to 37°C for 30 min. Samples were then cooled to 4°C, fixed with 2% paraformaldehyde, stained with PE-conjugated
anti-human IgG, and viewed by fluorescence microscopy for double-positive (external) or single-positive (internal) beads (arrows point to
single-positive beads). (B) Flow cytometric analysis of internalization of IgG-coated 1.5-�m beads by platelets. Platelets were incubated with beads
as described in panel A and then stained with APC-conjugated anti-CD42b MAb and PE-conjugated anti-human IgG. CD42b� platelets were
assessed for FITC and PE fluorescence by flow cytometry. Double-positive (external) and single-positive (internal) beads are shown in the upper
right and lower right quadrants, respectively. (C) Internalization of IgG-coated beads by platelets. Samples treated as described in panel A were
assessed for internalization by dividing the number of PE-negative beads (lower right quadrant) by the total number of beads (upper and lower
right quadrants). Some samples were treated with 20 �M cytochalasin D (Cyto D) to inhibit actin rearrangement. Data are means � SD
representative of one experiment performed in triplicate. Experiments were repeated on 3 different days with platelets from three healthy
volunteers with similar results. �, P � 0.01.
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lasin D has been observed to affect platelet activation (mea-
sured by CD62P, CD62, and annexin V) in response to
collagen as an agonist but not thrombin, suggesting that cyto-
chalasin blocks actin-dependent signal transduction but not
vesicle release (10). Therefore, we believe that our results are
due to cytochalasin D blocking internalization of IgG-coated
targets and not by blocking vesicle fusion. However, we cannot
rule out that inhibition of �-granule fusion is not taking place.
Further studies into the mechanisms of �-granule release need
to be performed.
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